Lactose repressor protein (LacI) controls transcription of the genes involved in lactose metabolism in bacteria. Essential to optimal LacI-mediated regulation is its ability to bind simultaneously to two operators, forming a loop on the intervening DNA. Recently, several lines of evidence (both theoretical and experimental) have suggested various possible loop structures associated with different DNA binding topologies and LacI tetramer structural conformations (adopted by flexing about the C-terminal tetramerization domain). We address, specifically, the role of protein opening in loop formation by employing the single-molecule tethered particle motion method on LacI protein mutants chemically cross-linked at different positions along the cleft between the two dimers. Measurements on the wild-type and uncross-linked LacI mutants led to the observation of two distinct levels of short tether length, associated with two different DNA looping structures. Restricting conformational flexibility of the protein by chemical cross-linking induces pronounced effects. Crosslinking the dimers at the level of the N-terminal DNA binding head (E36C) completely suppresses looping, whereas cross-linking near the C-terminal tetramerization domain (Q231C) results in changes of looping geometry detected by the measured tether length distributions. These observations lead to the conclusion that tetramer opening plays a definite role in at least a subset of LacI/DNA loop conformations. (1). This effect is due to the fact that LacI is a homotetrameric protein assembled as a dimer of dimers, with each dimer presenting a DNA-binding domain, enabling the tetramer to bind simultaneously to two operators (2) and form a loop in the intervening DNA ( Fig. 1 A and  B) . Consequently, LacI binding to one of the auxiliary operators increases the proximity of the remaining free DNA-binding domain to the primary operator, thus enhancing the probability of transcription blocking. Moreover, upon dissociation from the primary operator, the repressor is likely to remain bound to one of the auxiliary operators, avoiding diffusion into the cytosol and retaining proximity to the primary operator to facilitate rebinding. Thus, LacI-mediated DNA looping is fundamental for the efficiency of repression, as demonstrated by the drastic effects of deletion of auxiliary operators (3).
N
egative feedback control by lactose repressor (LacI) provides a classic example of bacterial gene expression regulation. In the absence of lactose, LacI blocks the transcription of genes encoding lactose-metabolizing enzymes by binding to a primary operator (O 1 ) on the DNA, located just downstream of the RNA polymerase promoter. Transcription repression is strongly enhanced by the presence of two auxiliary operators, situated both upstream (O 3 ) and downstream (O 2 ) of the primary operator (1) . This effect is due to the fact that LacI is a homotetrameric protein assembled as a dimer of dimers, with each dimer presenting a DNA-binding domain, enabling the tetramer to bind simultaneously to two operators (2) and form a loop in the intervening DNA ( Fig. 1 A and  B) . Consequently, LacI binding to one of the auxiliary operators increases the proximity of the remaining free DNA-binding domain to the primary operator, thus enhancing the probability of transcription blocking. Moreover, upon dissociation from the primary operator, the repressor is likely to remain bound to one of the auxiliary operators, avoiding diffusion into the cytosol and retaining proximity to the primary operator to facilitate rebinding. Thus, LacI-mediated DNA looping is fundamental for the efficiency of repression, as demonstrated by the drastic effects of deletion of auxiliary operators (3) .
In general, DNA looping is a recurring motif among several other DNA-binding proteins with different functions (4) . The looping probability is quantified by the J m factor (5), defined as the local concentration of the LacI bound to one of the operators with respect to the remaining free operator. This factor is governed by the DNA-protein mechanics, as manifest in the profound dependence of in vivo repression (6) or in vitro cyclization efficiency (7) on interoperator spacing. Modulation of this property with the period of helical repeat is due to a large DNA-twisting-associated energetic penalty and, therefore, certain phase requirements for joining the loose DNA ends for cyclization, as well as for LacI binding to two operators. On the length scale of hundreds of base pairs, the interplay between the energetic and entropic costs of DNA bending impacts the periodic dependence of looping (8) (9) (10) or cyclization efficiency: at lengths of up to approximately 300 bp (i.e., twice the bending persistence length of DNA), the decrease of bending energy with length determines an increase of J m , whereas at longer lengths the dominant entropic cost of looping results in J m decrease. A complete treatment of looping requires identification of the configurations adopted by the repressor-DNA assembly, as a number of different loop structures with differing formation probabilities are feasible. The LacI crystal structure exhibits a V-shape with an angle of approximately 34°between the two dimeric subunits (2) . On the other hand, electron microscopy (11), FRET (12) , and small angle X-ray scattering (13) indicate that the angle of tetramer opening can vary and be as large as 180°. Additionally, four DNA loop topologies are conceivable with LacI in the V-shape, depending on the orientations of the bound operators (9, 10): antiparallel (A1 and A2) and parallel (P1 and P2), as shown in Fig. 1B . Moreover, LacI can bind inside or outside the DNA loop in the so called wrap-toward or wrap-away configurations, respectively (14) . With the extended LacI conformation, only P1 is quantitatively considered in the literature (P1 E ), as it minimizes free energy (at least for small-medium, 92-153 bp, interoperator spacings) over all other loop types with the open tetramer (9, 10) .
In the absence of tools adequate for determining high-resolution loop structures, inferences about the actual configurations were made indirectly. For example, AFM does not have enough resolution to decipher the details of repressor binding to DNA. However, it permits visualization of the loop shape and protein position within the loop (15) . Similarly, LacI was deduced to mediate A1 loops on a negatively supercoiled plasmid with 197 bp interoperator distance (16) . FRET measurements on bent A-tract DNA sequences demonstrated the possibility of tetramer opening in the loop formation (12, 17) . A comprehensive delineation of various loop occurrences was inferred from simulations (9, 10) . From these analyses, different topologies (Fig. 1B) can be adopted by the LacI-DNA complex, depending on experimental variables such as the degree of DNA supercoiling, inter-operator spacing, DNA sequence, and the presence or absence of DNA bending HU protein. For example, negative supercoiling favours antiparallel loops: the location of permanganate attack sensitive site in the wild-type 92-bp loop between O 1 and O 3 operators (18) is compatible with the A1 structure. Linear DNA segments of 50-180 bp appear to loop with the extended LacI conformation: DNaseI footprinting (loops of 52 and 74 bp) and gel-mobility patterns (loops of 153, 158, 163, and 168 bp) (19) are best interpreted assuming P1 E configuration (9) . Loops in the size range of 65-90 bp adopt either P1 or P1 E structure, depending on whether HU is, respectively, present or not (20) . This difference was attributed to the tendency of HU to induce the sharp bending of DNA required for P1. On the other hand, Zhang et al. quantitatively interpret the same repression efficiency data considering solely P1 E looping (10) , which points to the fact that interpretation of the measurement is not unequivocal and depends on the details of the model.
The aforementioned biochemical assays monitor either static structures or averages of different species that coexist or interconvert on a timescale faster than the temporal resolution of the experiment. However, LacI-DNA complexes are dynamic and can transition through different states. Therefore, a further refinement of the role of various loops can be accomplished only by using an ensemble averaging free single-molecule approach, which enables dynamic observation of loop formation/breakdown and, therefore, offers the potential to identify diverse and temporally separate species, as demonstrated in the work by Finzi and Gelles using tethered particle motion (TPM) (21) . A subsequent experiment on a DNA construct with shorter (158 bp and 153 bp) inter-operator spacings led to the observation of two interconverting looped states, attributed to a V-shape and an open tetramer conformer (15) .
Multiple loop conformations were detected by TPM also with torsionally constrained DNA (22) .
In the present study we address the significance of LacI tetramer flexibility in loop formation. Tetramer opening was previously considered in theoretical works and simulations (9, 10, 23) , observed in solution (11, 13) or with LacI bound to a prebent DNA (12) . To further explore this issue, we apply the TPM method (Fig.  1C) to a DNA construct with a relatively long interoperator distance (305 bp), which is expected to allow the formation of a number of different loop conformers that might otherwise be energetically unfavorable at smaller spacings. Hypothesizing that some of these structures could be associated with repressor opening, marked changes in the TPM measurements are expected as we chemically cross-link the LacI tetramer at specific positions ( Fig. 1 D and E) to reduce conformational flexibility and therefore prohibit open tetramer-associated structures.
Results
Two TPM Looping States and Looping/Unlooping Kinetics. The time recordings of the bead's average radius of mobility ͗R͘ (see Materials and Methods) for the wild-type and the two uncross-linked protein mutants (Fig. 2 A-C) all exhibit the same pronounced three-state character, evident upon visual inspection of the experimental traces (Left) and quantitatively highlighted by the ͗R͘ histograms exhibiting three distinct peaks (Right). The state with the longest tether length corresponds to an unlooped DNA (21, 24) , whereas the two states of lower bead mobility correspond to different looped DNA configurations (15, 22) . The differences seen in the histograms of Fig. 2 derive from a combination of bead-tobead variability, which is typical of TPM experiments, and small possible differences in the final concentrations of the proteins. The full kinetic scheme of the reactions underlying the TPM measurement contains two looped states and interconversion between them (Fig. 3A) . To access the rate constants, ͗R͘ traces are first transformed into traces of states ( Fig. 3B ), by applying a half-amplitude threshold (see Materials and Methods). Then, a particular rate constant is obtained by fitting a single-exponential decay to the distribution of durations in a corresponding looped state before transition to a selected alternative state (Fig. 3C) . From this analysis, we find that the rate constants of the transitions from the long tether looped state are of similar magnitude and about twice as large as those pertaining to the short tether looped state. Solving the set of equations for the partial equilibria shown in Fig. 3A , yields:
Substituting for the measured rates ( Fig. 3C ) results in J m1 / J m2 ϭ 0.9 Ϯ 0. 2 , and 20 Å for DPDPB, allowing a comparison of different constraints on tetramer flexibility. Note that these distances set the higher limit for the tetramer opening as a cross-linker may not prohibit tetramer closing; we also assume that the protein structure is unperturbed by the reaction with the cross-linker. The C ␤ -C ␤ distances, measured across dimers in the V-shaped LacI using the theoretically predicted all-atom model [1Z04, (26) ], are 17.5 Å at residue 36 and 9.2 Å at residue 231. Therefore, E36C was cross-linked with the long or medium cross-linkers (respectively, DPDPB and BM[PEO] 2 ), while Q231C was cross-linked with BM[PEO] 2 or the short (BMOE) cross-linker. By modeling possible structures of the cross-linked proteins (as shown in Fig. 1D ), the maximum tetramer opening angles [␣, as described in (9)] were estimated at 44°for E36C-DPDPB (Fig. 1D, Left) , 84°for Q231C-BMOE (Fig. 1D, Right) , and 108°for Q231C-BM[PEO] 2 . Linking the N-terminal domains within the tetramer (at position 36) inhibits the opening of the ''V'' structure to a greater degree than linking the C-subdomains of the core (at position 231).
Crosslinking induces no significant change in the binding of 40 bp operator DNA, nor in the IPTG-responsiveness of E36C (Fig. 4  A-C -linked E36C) . Furthermore, the looping ability of E36C-DPDPB was restored upon cleavage of the DPDPB linkage with DTT: out of nine tethers monitored, seven exhibited a change from the absence of dynamics (with E36C-DPDPB) to looping (with DTT-treated E36C-DPDPB).
Crosslinking of Q231C with the longer BM[PEO] 2 or the shorter BMOE, on the other hand, did not abolish looping but significantly modified the structure of the observed looped states. The two distinguishable looping states observed with the uncross-linked protein (Figs. 2C and 3B ) could no longer be clearly deciphered in individual ͗R͘ traces (Fig. 2D ). 
Discussion
LacI-mediated DNA looping provides a versatile mechanism for enhancing transcription blockade by increasing the effective local concentration of LacI with respect to the primary operator. Transcription regulation via looping is made robust by the existence of various loop conformers, adopted with different likelihood depending on parameters such as interoperator distance, DNA supercoiling and/or flexibility, and protein structure/flexibility. A particular loop structure is defined by a combination of accessible protein conformations and DNA binding topology. Here we have addressed the question of the significance of LacI tetramer opening with regard to loop formation in vitro for a DNA construct with an interoperator spacing of 305 bp. TPM assay provides simple means for dynamic measurements of the effective end-to-end length of single DNA molecules. We have observed that wild-type LacI, as well as E36C and Q231C protein mutants, exhibit two pronounced TPM looped states. Curiously, the two-looped-state structure found in these TPM traces was not previously observed with DNA constructs having the same interoperator spacing but longer flanking sequences (24) . If we assume that various looping states are associated with different DNA-protein conformations, two TPM looping states are presumably observed because in our DNA construct the lengths of the flanking segments approach the canonical DNA persistence length, so that they tend to point in the direction of their exit from the repressor DNA-binding domains. Consequently, various loop structures (with different relative exit angles from the two DNA binding domains) result in different effective DNA end-to-end distances (15) . The flexibility of longer flanking sequences [as in (24) ] abolishes this persistence effect and reduces the sensitivity of the TPM method to different loop geometries.
We were able to quantitatively analyze the dynamics and to assess the rate constants of the transitions between the different states, finding that the J m values and, therefore, the energies of loop formation of the two looped states, are equal within the error. This result, in combination with similar lifetimes of the two looped states ( Fig. 3C) , is consistent with approximately equal areas of their probability distributions (Fig. 5A) . Furthermore, the kinetic analysis of TPM traces revealed that transitions between different states occur with comparable probabilities and, in particular, the two looped states interconvert without necessarily passing through the unlooped state. This observation implies that the switching of the looped state cannot be always associated with a change of the DNA binding topology, since this would require intermediate unlooping.
As some transformation of the DNA-protein arrangement is required to alter the observable tether length, the data point to the necessity of a protein conformational change: for example, tetramer opening. Therefore, the two observable TPM looping states have to be accounted for by a DNA topoisomer assembling both with the V-shaped and open tetramer conformations. Interconversion between two looped states was previously observed on DNA molecules with 158 bp interoperator distance (15) . Complementary AFM data were interpreted in terms of DNA wrapping around LacI in a P2 configuration, and, from a simple estimate of tether lengths, it was concluded that wrap-toward P2 with the open and V-shape tetramer gives rise to the short and long tether states, respectively (15) . Due to different experimental conditions and interoperator distance, this interpretation cannot be directly applied to our results. Computational work (9, 10) on wrap-away loops indicates that, for short interoperator distances, P1 is energetically favorable with respect to P2; further, P1 with the open tetramer (P1 E ) is more favorable than any other loop type (P1, P2, A1, and A2). The computed energy difference between P1 E and P1 decays as a function of interoperator distance (9, 10): extrapolation to 305 bp suggests a negligible difference between P1 E and P1. Consistent with this observation, we find that the energies of forming shortand long-tether loops are essentially equal. Therefore, it is tempting to suggest that direct interconversion between our TPM looping states involves the transition between P1 E and P1. However, analysis of loop structures responsible for the observed TPM states is complicated by potential degeneracy of the TPM recording, where different loop structures may correspond to the same apparent tether length. Calculations by Towles et al. (27) , for example, show that wrap-away P2, A1, and A2 all result in similar values of ͗R͘, corresponding to a short-tether looped state, and antiparallel loops are energetically advantageous. The long tether, on the other hand, is attributed to P1, which, at 305 bp, features an energy intermediate between P2 and the antiparallel loops. These calculations enable interpretation of the measured tether length distributions entirely in terms of loop topoisomers with V-shaped tetramer but do not account for the fact of direct interconversion between the two TPM looping states. Given these uncertainties, the assessment of the actual role of tetramer opening in DNA looping requires a more direct approach.
We used TPM to compare the dynamics of looping mediated by wild-type LacI, E36C, and Q231C, with those of the cross-linked variants that are characterized by diminished conformational flexibility. Crosslinking of E36C led to an overwhelming loss of its capacity to mediate looping. However, chemical modification did not have any effect on the E36C binding affinity to 40 bp O 1 DNA fragments. In concert, these data imply that cross-linking impeded the possibility of structural readjustment of repressor required to accommodate the two operators simultaneously in a looped configuration. That the integrity of the protein is not otherwise affected is confirmed by the fact that E36C looping ability was restored upon cleavage of DPDPB linkage with DTT. Possible implications of the observed cross-linking effect range from restricting the fine orienting of the headpieces to prohibiting large scale conformational changes associated with the tetramer opening (see Fig. 1D, Left) . Further experiments will be required to address these distinctions, but it should be noted that both BM[PEO] 2 and DPDPB spacer arms are sufficiently long to cross-link the tetramer in the classic V-shape; therefore, our data indicate that both TPM looping states and, thus, all of the underlying loop conformations involve some degree of protein opening with respect to the canonical V-shape. On the other hand, we found that E36C can be efficiently crosslinked with the short-arm BMOE cross-linker (causing a significant distortion away from the classic V-shape), and this modification had no effect on 40 bp O 1 binding, demonstrating that LacI tetramer can undergo significant dimer-to-dimer angle changes without effects on operator binding. The fact that cross-linking with BMOE can take place in solution also demonstrates the underlying thermal fluctuations of the tetramer.
Crosslinking of Q231C did not abolish its ability to mediate looping but modified the structure of the observable looped states (Fig. 5) . It should be noted that the TPM experiments are carried out at a protein concentration of 100 pM, so that the measured reduction in O 1 affinity due to cross-linking with either BM[PEO] 2 or BMOE (see Fig. 4 E and F) would at most have an effect of reducing double operator occupancy (RO-OR in Fig. 3A) . Indeed, this effect, leading to a lower occupancy of the TPM unlooped state, is observable in the reduction of unlooped probability (Fig. 5C ). In the average ͗R͘ histograms, chemical modification with either long BM[PEO] 2 (Fig. 5B ) or short BMOE (Fig. 5C) Fig. 1D , Right), residual flexibility may potentially be attained through flexing of the portion of the protein N-ward of the cross-link point. This part of the protein includes the binding domains for inducer and for DNA: some distortion of the structure might explain the decrease of operator affinity and of IPTGresponsiveness observed upon cross-linking (Fig. 4 E and F) .
In conclusion, LacI flexibility and the opening of the tetrameric structure to a variety of angles play an important role in loop formation under the conditions of our experiment. Our observations indicate that the protein can adopt different structures to accommodate different loop geometries. This structural flexibility is very likely to play an important role in looping in vivo under varying DNA topological conditions.
Materials and Methods
Crosslinkable Protein Mutants, Preparation of Proteins and DNA. The DNA construct, end-labeled with biotin and digoxigenin, was obtained as described previously (24) . The lengths of the different DNA segments are shown in Fig. 1C . The three native cysteine residues in LacI (at positions 107, 140, and 281) were replaced with alanine; E36C or Q231C were each introduced by site-specific mutagenesis (Quickchange, Stratagene) of the Cys-less LacI gene. Previous data demonstrate that these mutants exhibit no phenotypic effect on LacI function (25) . Wild-type LacI and protein mutants were expressed and purified, as described previously (28) , except that the purification of mutant proteins was carried out in the presence of 2 mM DTT.
Crosslinking. Before cross-linking, complete reduction of cysteines was ensured by incubation (15 min at room temperature) in cross-linking buffer (CB: 100 mM sodium phosphate buffer, pH 7.15, 150 mM NaCl, 5 mM EDTA) with 15 mM ␤-mercaptoethanol. In the subsequent steps, CB buffer deoxygenated by N2 bubbling was used. The protein was transferred to CB buffer using a PD-10 column (GE Healthcare). BMOE, BM[PEO] 2, or the cleavable DPDPB (Pierce) were dissolved in DMSO and added in a two-fold molar excess with respect to the dimer concentration. The cross-linking reaction was carried out for 1 h at room temperature. The final oligomerization state of cross-linked proteins was verified to be tetramer by running the cross-linked products on Superdex200, using LacI dimer and tetramer as references. Crosslinking was verified by SDS-polyacrylamide gel electrophoresis that demonstrated formation of SDS-resistant oligomer after cross-linking; where the reaction was reversible with DTT, restoration of monomer was observed. Cleavage of DPDPB, when required, was obtained by treating the protein with 50 mM DTT in CB buffer for 20 min. All samples were stored at Ϫ20°C.
The extent of geometrical constraint induced upon cross-linking of E36C with DPDPB and Q231C with either BM[PEO] 2 or BMOE was estimated by modeling tetramer opening as a rigid body rotation of each dimer about an axis running in the center of the tetramerization four-helix bundle and perpendicular to the plane of the classic V-shape view of LacI (the plane of the page in Fig. 1D ). For each protein mutant/cross-linker pair, the extent of opening required to bring the two cysteine residues' sulfhydryl groups at a distance corresponding to the full length of the cross-linker was calculated and the value of the tetramer aperture angle ␣ [as defined in (9)] was measured.
Operator Binding Assay. Nitrocellulose filter binding assays were used to measure DNA binding affinity and stoichiometry, as described previously (28) . Briefly, 40 bp lac operator DNA was labeled with [ 32 P]ATP (using polynucleotide kinase) and purified. Protein at varying concentrations was mixed with the DNA, and samples were passed through nitrocellulose filters; the retention of radiolabel was detected by phosphorimaging. The data were fit to equations of binding to determine the operator DNA binding constant (where DNA concentration was Ͼ10-fold below the K d) and stoichiometry (where DNA concentration was Ͼ100-fold above the K d).
Preparation of Tether Assay, Data Collection, and Analysis. We used a custommade flow chamber (approximately 20 L volume) constructed from a microscope coverslip and a Plexiglas™ element with attached tubing, separated by a spacer of silicone elastomer sheet with a cut-out flow channel (0.020'' thick SE30-GF Silicone 30 Duro, Stockwell Elastomerics). The samples were prepared as described previously (24) with some modifications. Briefly, a dilute suspension of 1.54 m diameter ␣-casein-coated silica beads (SS04N, Bangs Laboratories) in phosphate buffer saline (PBS) [2.7 mM KCl, 13.7 mM NaCl, 5.4 mM Na 2HPO4, 1.8 mM KH 2PO4 (pH 7.0)] was incubated until a few beads per field of view were stuck onto the coverslip. After removal of unbound beads, the chamber was incubated with 100 g/mL anti-Digoxigenin (Roche) in PBS solution for 30 min, followed by washing with 10 ϫ 200 L of LBB buffer [10 mM Tris-HCl (pH 7.4), 200 mM KCl, 0.1 mM EDTA, 5% (vol/vol) dimethyl sulfoxide (DMSO), 0.2 mM DTT, 0.1 mg/mL ␣-casein]. DNA (approximately 100 pM in LBB) was then incubated for 1 h. After five 200 L washes with LBB Ϫ buffer (LBB lacking DTT and DMSO), streptavidincoated polystyrene beads (440 nm diameter, Indicia Biotechnology) were incubated for 10 min. Unbound beads were removed with 5 ϫ 200 L of LBB buffer. Video recordings of tethered particle motion were acquired on the setup described in (24) , with addition of an active xyz stage drift compensation by moving the xy piezo stage (Physik Instrumente) to correct for changes of xy centroid position and z-sensitive diffraction ring of a silica bead selected within the region of interest (ROI). A transient movie of a whole field of view was analyzed by a software routine to find ROIs containing tethers and the xy positions of the beads' centroids were recorded at 25 Hz. Typically 1 h records were obtained before changing field of view. The raw x and y traces were selected for further analysis if they satisfied the following criteria: 1) traces of the x and y coordinates of the tether anchoring point (obtained by averaging each coordinate over N frames) exhibit monotonous and correlated evolution. A different behavior is suspect of spurious bead/surface interactions; 2) the bead diffusion cloud is symmetric, as described by Blumberg et al. (29) The selected x and y traces were filtered with a Butterworth high-pass filter (cut-off frequency 0.1 Hz) to position the origin of the bead diffusion cloud at (0, 0). Then, the instantaneous radius R ϭ ͌ x 2 ϩ y 2 was calculated and convoluted with a Gaussian function with ϭ 4 s to obtain a trace of the average radius of mobility (͗R͘), examples of which are shown in Fig. 2 . Digital traces (see Fig. 3B , red trace), were obtained by applying a half-amplitude threshold procedure with thresholds determined for each trace by fitting a Gaussian function to each of the three peaks in the histogram and setting the thresholds midway between the peak positions found. States with durations shorter than 1.5 (i.e., 6 s) were merged with successive states. This correction is essential for elimination of false transitions due to the finite dead time of the Gaussian filter.
